NrdH redoxins are small protein disulfide oxidoreductases behaving like thioredoxins but sharing a high amino acid sequence similarity to glutaredoxins. Although NrdH redoxins are supposed to be another candidate in the antioxidant system, their physiological roles in oxidative stress remain unclear. In this study, we confirmed that the Corynebacterium glutamicum NrdH redoxin catalytically reduces the disulfides in the class Ib ribonucleotide reductases (RNR), insulin and 5,5=-dithiobis-(2-nitrobenzoic acid) (DTNB), by exclusively receiving electrons from thioredoxin reductase. Overexpression of NrdH increased the resistance of C. glutamicum to multiple oxidative stresses by reducing ROS accumulation. Accordingly, elevated expression of the nrdH gene was observed when the C. glutamicum wild-type strain was exposed to oxidative stress conditions. It was discovered that the NrdH-mediated resistance to oxidative stresses was largely dependent on the presence of the thiol peroxidase Prx, as the increased resistance to oxidative stresses mediated by overexpression of NrdH was largely abrogated in the prx mutant. Furthermore, we showed that NrdH facilitated the hydroperoxide reduction activity of Prx by directly targeting and serving as its electron donor. Thus, we present evidence that the NrdH redoxin can protect against the damaging effects of reactive oxygen species (ROS) induced by various exogenous oxidative stresses by acting as a peroxidase cofactor.
R
eactive oxygen species (ROS) are harmful by-products formed during aerobic metabolism, and the excess production of ROS results in oxidative stress and cellular damage. To protect against the adverse effects of ROS, bacteria have evolved an elaborate antioxidant system, including antioxidant enzymes, such as catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPX), glutaredoxin (Grx), and thioredoxin (Trx), and low-molecular-weight antioxidants, such as the tripeptide glutathione (GSH), ␤-carotene, and vitamins (vitamins C and E) (1) . The major antioxidant enzymes, thioredoxin and glutaredoxin, are small thiol-disulfide oxidoreductases containing a conserved catalytic site (CXXC) with a redox-active disulfide, which is essential for reducing disulfide bonds of target proteins and maintaining intracellular redox homoeostasis (2, 3) . Trx and Grx can reduce disulfides of metabolic enzymes such as ribonucleotide reductase (4, 5) , phosphoadenosine-phosphosulfate reductase (6, 7), methionine sulfoxide reductase (8, 9) , and arsenate reductase (10) by using their active-site cysteine residues in the CXXC motif. Trx and Grx can also provide electrons to peroxiredoxins and nonheme peroxidases to protect against oxidative stress via removing hydroperoxides (11) . On the other hand, the most abundant lowmolecular-weight thiol, GSH, constitutes a redox buffer in the cytoplasm and is considered to be the main nonenzymatic antioxidant in Gram-negative bacteria and eukaryotes (12, 13) . The cysteine thiol of GSH can protect cells against ROS by directly clearing free radicals and also by cooperating with Grx and functioning to reduce disulfide bonds for antioxidant enzymes such as glutathione peroxidase and methionine sulfoxide reductase (9, 11, 14) .
Similar to GSH from eukaryotes and Gram-negative bacteria, mycothiol (1-D-myo-inosityl-2-[N-acetyl-L-cysteinyl] amido-2-deoxy-␣-D-glucopyranoside; MSH) is the major nonenzymatic antioxidant in the high-GϩC-content Gram-positive Actinobacteria, including a group of bacteria of medical, industrial, and environmental significance, such as members of Corynebacterium, Mycobacterium, Rhodococcus, and Streptomyces (15, 16) . MSH has been reported to play important roles in tolerance to oxidative and acid stresses, antibiotics, aromatic compounds, and heavy metal ions (15) (16) (17) (18) . After substantial progress was made in MSH research in the past decade, a lot of efforts have been put on the identification and characterization of novel antioxidant enzymes in Actinobacteria recently. Ordóñez et al. (10) located two hypothetical mycoredoxins, Mrx1 (NCgl0808) and Mrx2 (NCgl2445), in the Corynebacterium glutamicum genome based on homology to the Escherichia coli glutaredoxin genes. Mrx1 shares 34% sequence identity with E. coli Grx1 and is characterized by a thioredoxin structural fold with a putative MSH binding site. It was further confirmed to be a mycothiol-dependent thiol-disulfide reductase that reduces MSH mixed disulfide bonds using electrons from the MSH/mycothione reductase (Mtr)/NADPH pathway and can be considered the glutaredoxin (Grx) analog of the Actinomycetes (10) . Using an mrx1 deletion mutant, Van Laer et al. (19) showed that Mrx1 is involved in the protection against oxidative stress in Mycobacterium smegmatis. However, Mrx2 was recently proposed to be an NrdH redoxin but not a true mycoredoxin, as it showed an amino acid sequence identity of 75% with NrdH redoxin from Corynebacterium ammoniagenes and was specifically reduced by TrxR but not MSH (20) .
NrdH redoxins are small protein disulfide oxidoreductases functioning as hydrogen donors for the class Ib ribonucleotide reductases (RNR) (21) (22) (23) . Although NrdH redoxins share a high level of sequence similarity to that of glutaredoxins, they behave like thioredoxins and contain a typical thioredoxin fold with the active-site motif CXXC (24, 25) . NrdH redoxins have been investigated mainly in GSH-lacking bacteria, such as Staphylococcus aureus (23) , Lactococcus lactis (26) , and Bacillus anthracis (27) , and in GSH-containing E. coli (21) . In these bacteria, they function as efficient general disulfide oxidoreductase that reduces insulin, 5,5=-dithiobis-(2-nitrobenzoic acid) (DTNB), and the manganese-containing class Ib RNR in the presence of NADPH and thioredoxin reductase (21, 23, 28) . Recently, Van Laer et al. (20) solved the crystal structure of NrdH from C. glutamicum and revealed the presence of a typical thioredoxin fold with the activesite CXXC motif and a TrxR binding hydrophobic pocket located near its CXXC motif at the surface. Both C. glutamicum and Mycobacterium tuberculosis NrdH redoxins catalytically reduce the disulfide in DTNB, by exclusively receiving electrons from thioredoxin reductase (TrxR) but not MSH (20) .
Although NrdH redoxins were supposed to be another candidate in the antioxidant system of bacteria lacking GSH, their physiological functions have not been experimentally confirmed. The nrdH gene in S. aureus appears to have no role in coping with oxidative stress, as the nrdH mutant grew as well as the wild type even under severe oxidative stress (23) . In contrast, the NrdHencoding gene seems to be essential for C. glutamicum, as mutants lacking nrdH are not viable (20) . In this study, in addition to biochemical characterization, we also examined the physiological roles of NrdH in response to oxidative stress by overexpressing this gene in C. glutamicum. We present evidence that the NrdH redoxin can protect against the damaging effects of ROS induced by various exogenous oxidative stresses by acting as a peroxidase cofactor.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . C. glutamicum and E. coli strains were cultured in Luria-Bertani (LB) broth aerobically on a rotary shaker (220 rpm) or on LB plates at 30°C and 37°C, respectively. To construct the C. glutamicum ⌬nrdH and ⌬prx in-frame deletion mutants, plasmid pK18mobsacB-⌬nrdH and pK18mobsacB-⌬prx were transformed into C. glutamicum RES167 by electroporation, and chromosomal integration was selected by plating on LB agar plates supplemented with kanamycin and nalidixic acid. The deletion mutants were subsequently screened on LB agar plates containing 20% sucrose and confirmed by PCR and DNA sequencing as previously described (29) . When needed, antibiotics were used at the following concentrations: chloramphenicol, 20 g ml Ϫ1 for E. coli and 10 g ml Ϫ1 for C. glutamicum; kanamycin, 50 g ml Ϫ1 for E. coli and 25 g ml Ϫ1 for C. glutamicum; nalidixic acid, 40 g ml Ϫ1 for C. glutamicum; ampicillin, 100 g ml Ϫ1 for E. coli. Plasmid construction. All primers used in this study are listed in Table S1 in the supplemental material. The genes encoding C. glutamicum thioredoxin (Trx; NCgl2985 gene), thioredoxin reductase (TrxR; NCgl2984 gene), mycoredoxin 1 (Mrx1; NCgl0808 gene), NrdH (Mrx2; NCgl2445 gene), mycothione reductase (Mtr; NCgl1928 gene), thiol peroxidase (Prx; NCgl1041 gene), ribonucleotide-diphosphate reductase subunit beta (NrdF; NCgl2438 gene), and ribonucleotide-diphosphate reductase subunit alpha (NrdE; NCgl2443 gene) were amplified by PCR using genomic DNA of C. glutamicum RES167 as the template, with the primers indicated in Table S1 . These DNA fragments were digested and afterward subcloned into appropriately digested pET28a, pGEX6p-1, pKT25, or pUT18C vectors, obtaining plasmids pET28a-trx, pET28a-trxR, pET28a-prx, pET28a-mrx1, pET28a-nrdH, pET28a-mtr, pET28a-nrdE, pET28a-nrdF, pGEX6p-1-prx, pKT25-prx, and pUT18C-nrdH. The plasmid pK18mobsacB-⌬nrdH was used to construct the C. glutamicum nrdH deletion mutant. The 900-bp upstream PCR product and 862-bp downstream PCR product of nrdH were amplified using primer pairs DNrdH-F1/DNrdH-R1 and DNrdH-F2/DNrdH-R2, respectively. In the next step, the upstream and downstream PCR fragments were fused together with primer pairs DNrdH-F1/DNrdH-R2 by overlap PCR (30) , and the resulting DNA fragments were digested with BamHI/SalI and inserted into similarly digested suicide plasmid pK18mobsacB to create pK18mobsacB-⌬nrdH. The plasmid pK18mobsacB-⌬prx used to construct the prx mutant was constructed similarly by using primers DPrx-F1/DPrx-R1 and DPrx-F2/DPrx-R2. Site-directed mutagenesis was carried out by overlap PCR (30) to mutate the active-site cysteine residue at position 11 of NrdH into a serine residue (NrdH::SXXC). In brief, the mutant nrdH::SXXC DNA segment was amplified by two rounds of PCR. Primer pairs DNrdH-F1/NrdH-C11S-R and NrdH-C11S-F/DNrdH-R2 were used to amplify segments 1 and 2, respectively. The second round of PCR was carried out by using NrdH-F/NrdH-R as the primer pair, while fragment 1 and fragment 2 were used as the templates to get the nrdH:: SXXC segment, which contained a mutation in the 11 C site of NrdH. The nrdH::SXXC DNA fragment was digested and cloned into similar digested pET28a or pUT18C plasmid, obtaining plasmid pET28a-nrdH::SXXC or pUT18C-nrdH::SXXC, respectively. The nrdH::CXXS and nrdH::SXXS DNA fragments were obtained by using a procedure similar to that described above, with the primers indicated in Table S1 in the supplemental material. These DNA fragments were also cloned into plasmid pET28a and pUT18C, obtaining plasmid pET28a-nrdH::CXXS, pET28a-nrdH:: SXXS, pUT18C-nrdH::CXXS, or pUT18C-nrdH::SXXS. For overexpression of nrdH in C. glutamicum RES167, nrdH and nrdH::SXXS DNA fragments were digested and cloned into similarly digested pXMJ19 vector to yield pXMJ19-nrdH and pXMJ19-nrdH::SXXS, respectively. The resulting plasmids, pXMJ19-nrdH and pXMJ19-nrdH::SXXS, were transformed into wild-type C. glutamicum RES167 and the prx mutant by electroporation, respectively. The transformants were selected on LB agar plates supplemented with nalidixic acid and chloramphenicol. Expression in C. glutamicum was induced by the addition of 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) into cultures. The lacZ fusion reporter vector pK18mobsacB-P nrdH ::lacZ was made by fusion of the nrdH promoter to the lacZY reporter gene by overlap PCR (30) . In the first round of PCR, the 1,000-bp NrdH promoter DNA fragment and the lacZY DNA fragment were amplified with the primer pair PnrdH-F/PnrdH-R and lacZY-F/lacZY-R, respectively. The first-round PCR products were used as the template in the second round of PCR with PnrdH-F and lacZY-R as primers, and the resulting PCR fragment was digested with SalI/PstI and inserted into the SalI/PstI site of the suicide vector pK18mobsacB to get the pK18mobsacB-P nrdH ::lacZ fusion construct. The fidelity of all constructs was confirmed by DNA sequencing (Sangon Biotech, Shanghai, China).
Overexpression and purification of recombinant proteins. To express and purify GST-and His 6 -tagged proteins, recombinant pGEX6p-1 and pET28a plasmids were transformed into E. coli XL1-Blue and BL21(DE3) host strains, respectively. For protein production, bacteria were grown at 37°C in LB medium to an optical density at 600 nm (OD 600 ) of 0.5, shifted to 22°C, and then induced with 0.4 mM IPTG and cultivated for an additional 12 h at 22°C. Harvested cells were disrupted by sonication and purified with the His·Bind Ni-nitrilotriacetic acid (NTA) resin or the GST·Bind resin (Novagen, Wisconsin, USA) based on the manufacturer's instructions. Purified recombinant proteins were dialyzed against phosphate-buffered saline (PBS) overnight at 4°C and stored at Ϫ80°C until use. Protein concentrations were determined using the Bradford assay based on the manufacturer's instructions (Bio-Rad, California, USA), with bovine serum albumin as the standard.
Bacterial two-hybrid assay. Bacterial two-hybrid complementation assays were carried out as previously described (31, 32) . Efficiencies of interactions between different hybrid proteins were quantified by measurement of ␤-galactosidase activity of overnight cultures (OD 600 ϭ 1.5) grown in LB broth at 37°C. The overnight cultures (50 l) were permeabilized with 420 l PBS buffer containing 20 l chloroform and 10 l 0.1% SDS at 30°C for 1 h, and ␤-galactosidase activities were assayed with o-nitrophenyl-␤-D-galactopyranoside (ONPG) as the substrate as described previously (33) . All the experiments were performed at least three times.
GST pulldown assay. The GST pulldown assay was performed as previously described (34, 35) with the following modifications. Briefly, purified GST-Prx was mixed with His 6 -NrdH::CXXS or His 6 -NrdH::SXXS in PBS on a rotator for 2 h at 4°C, and GST was used as a negative control. After 40 l of prewashed glutathione bead slurry was added, binding was allowed to proceed for another 2 h at 4°C. The beads were then washed 5 times with TEN buffer (100 mM Tris-Cl [pH 8.0], 10 mM EDTA, 500 mM NaCl). Retained proteins were detected by immunoblotting after SDS-PAGE by using the anti-His antibody (Millipore, Massachusetts, USA).
Western blot analysis. For Western blot analysis, samples resolved by SDS-PAGE were transferred onto polyvinylidene difluoride (PVDF) or nitrocellulose membranes. After blocking with 4% milk for 2 h at room temperature, membranes were probed with the appropriate primary antibody overnight at 4°C: anti-His (Millipore, Massachusetts, USA), 1:1,000; anti-DNP (2,4-dinitrophenol) antibody (Millipore, Massachusetts, USA), 1:500. The blots were washed several times in PBST buffer Tween 20) and then incubated with a 1:5,000 dilution of horseradish peroxidase-conjugated secondary antibody (Shanghai Genomics Inc., Shanghai, China) in PBST for 2 h. The proteins were visualized by using the ECL plus kit (GE Healthcare, New Jersey, USA) by following the manufacturer's specified protocol. Construction of chromosomal fusion reporter strains and ␤-galactosidase assay. The lacZ fusion reporter plasmid pK18mobsacB-P nrdH :: lacZ was transformed into the wild-type C. glutamicum by electroporation, and the chromosomal pK18mobsacB-P nrdH ::lacZ fusion reporter strain was selected by plating on LB agar plates supplemented with kanamycin. ␤-Galactosidase activities were assayed with ONPG as the substrate (33) . The ␤-galactosidase data represent the means from one representative assay performed in triplicate, and the error bars represent the standard deviation (SD). Statistical analysis was carried out with Student's t test.
MSH purification. MSH was purified from C. glutamicum RES167 with thiopropyl Sepharose 6B and successively with Sephadex LH-20 chromatography as described previously (36) . Overnight-grown cells were harvested and lysed with equal volumes of 0.75 M perchloric acid at room temperature for 3 h. Acid-insoluble cellular debris was removed by centrifugation at 10,000 ϫ g for 30 min. The supernatant was adjusted to pH 4.6 with 4 M KOH and then stored at 0°C for 2 h. Precipitated potassium perchlorate was removed by centrifugation at 10,000 ϫ g for 30 min. The supernatant was mixed with buffer A (0.4 M Tris-HCl, 2 M NaCl, 4 mM EDTA, pH 7.5) and applied onto a thiopropyl Sepharose 6B column (Amersham Biosciences). The column was washed with buffer B (0.1 M Tris-HCl, 0.5 M NaCl, 1 mM EDTA, pH 7.5) and then eluted with buffer C (0.1 M Tris-HCl, 1 mM EDTA, 30 mM dithiothreitol [DTT], pH 7.5). The active eluant was applied onto a Sephadex LH20 column (Amersham Biosciences) and fractionated with 50% methanol in water, pH 4.5. The active fractions were concentrated with a rotary evaporator, lyophilized, and finally dissolved in water. The concentration of purified MSH was measured by the thiol-specific fluorescent-labeling high-performance liquid chromatography (HPLC) method (16) with commercial glutathione (GSH) as the thiol standard reference. The HPLC used in this study was equipped with an Extend-C 18 column (Zorbax; 250 by 4.6 mm) and was operated with gradients of buffer D (0.25% acetic acid in distilled water titrated to pH 3.6 with NaOH) and buffer E (HPLC-grade methanol), with an eluant flow rate of 0.9 ml/min. The proportion of buffer E in continuous gradients was as follows: 12% at 0 to 5 min, 50% at 5 to 15 min, 100% at 15 to 30 min. The bimane derivative of MSH was eluted at about 15 min in this system.
Assays for ribonucleotide reductase. Ribonucleotide reductase (RNR) activity assays were performed based on the method described by Ceylan et al. (37) with minor modifications, such as the following: RNR activity was measured from the conversion of GDP to dGDP by coupling the reaction to NADPH oxidation. With the TrxR-based regeneration system used in the assay, the reaction was determined in the presence of 50 mM HEPES, 100 mM KCl, 7 mM MgCl 2 (pH 7.6), 200 M NADPH, 500 M dTTP, 1.6 mM ATP, 3 M NrdE, 12 to 18 M NrdF, 3 M TrxR, and different NrdH variants (10 M). In alternative assays with the Mtr/ MSH-based regeneration system used, TrxR was replaced by 3 M Mtr and 1 mM MSH. The reaction was started by adding 500 M GDP, and the NADPH oxidation was monitored at 340 nm. The absorbance value (⌬A) was obtained by subtracting the background absorbance measurement in the absence of GDP from the value given by the reaction, and the reaction was carried out for 10 min. RNR activity was calculated from the ⌬⌬A/min value [⌬⌬A/min ϭ (⌬A 10 Ϫ ⌬A 0 )/10 min, where the subscript values indicate time in minutes]. As a positive control, Trx (10 M) was used in place of NrdH in the same conditions.
Insulin disulfide reduction assay. Insulin disulfide reduction was assayed as described previously (38) . Briefly, insulin (0.32 mM final concentration) was added to a colorimetric tube containing either 0.5 ml of 1 mM MSH, 0.2 mM NADPH, 3 M Mtr, 0.1 mg/ml bovine serum albumin, 50 mM Tris-Cl (pH 8.0), or 0.5 ml of 50 mM Tris-HCl (pH 7.5), as well as 1 mM EDTA, 200 M NADPH, and 10 M TrxR. The reaction was started by adding different NrdH variants (NrdH, NrdH::SXXC, NrdH::CXXS, or NrdH::SXXS; final concentration of 10 M) and monitored by measuring the decrease in absorbance at 340 nm during the first hour of reaction every 1 min. As a positive control, Trx (10 M) was used in place of NrdH in the same conditions. DTNB assay. DTNB [5,5=-dithiobis-(2-nitrobenzoic acid)] assays were performed upon the method described by Holmgren (5) . Reduction of DTNB disulfides (final concentration of 1 mM) was measured in the presence of 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 200 M NADPH, 10 M TrxR, and either 10 M NrdH or its variants (NrdH::SXXC, NrdH:: CXXS, or NrdH::SXXS). The activity was monitored by following the increase at 412 nm during the first 10 min due to production of 3-carboxy-4-nitrobenzenethiol (NBT). Trx (10 M) was used in place of NrdH as a positive control in the same conditions. The activity of NrdH and its variants (final concentration of 10 ⌴) as reductants of DTNB disulfides (final concentration of 1 mM) was also determined in the mixture containing 1 mM MSH, 200 M NADPH, 3 M Mtr, 0.1 mg/ml bovine serum albumin, and 50 mM Tris-Cl at pH 7.5. The activity was in this case monitored as the increase at 412 nm due to cleavage of the disulfide of DTNB.
HED assay. The hydroxyethyl disulfide (HED) assay was performed based on Kim et al. (39) Peroxidase activity was also detected by using the ferrous xylenol orange (FOX) assay (41) . The consumption of peroxides, such as H 2 O 2 and CHP, was measured kinetically at different time points during the initial linear rate of catalysis. The reaction mixture contained 50 mM HEPESNaOH (pH 7.0), 200 M NADPH, 2 M Prx, 5 M NrdH, 3 M TrxR, and either 100 M H 2 O 2 or 100 M CHP. After reactions were initiated by the addition of H 2 O 2 , or CHP, 16.7 l of HCl (1 M) was added into 83.3 l of reaction mixture to stop the reactions at different intervals. Then, the resulting mixture (100 l) was mixed with 900 l FOX reagent (88 mg butylated hydroxytoluene, 7.6 mg xylenol orange, and 9.8 mg (NH4) 2 Fe(SO 4 ) 2 · 6H 2 O added to 90 ml methanol and 10 ml 250 mM sulfuric acid) and incubated at 37°C for 30 min. The color developed was read colorimetrically at 560 nm. All the assays were performed three times, and error bars indicate the SD. The kinetic constants were calculated by a nonlinear regression using the program GraphPad Prism 5.
Sensitivity assays for antibiotics, oxidative agents, and heavy metals. To measure the response to various environmental stress conditions, overnight cultures of C. glutamicum strains grown in LB medium at 30°C were diluted 10-fold with LB medium, and the diluted cells were exposed to various antibiotics (2 h) and oxidants and toxins (30 min) at 30°C with shaking. After treatment, the cultures were serially diluted and plated onto LB agar plates, and colonies were counted after 36 h of growth at 30°C. Percentage survival was calculated as follows: [(CFU ml Ϫ1 after challenge at different stresses)/(CFU ml Ϫ1 before stress challenge)] ϫ 100. Heavy metal stress experiments were performed according to Helbig et al. (42) with minor modifications. Overnight cultures of C. glutamicum strains were diluted 1:100 in fresh LB medium with different concentrations of various heavy metals and cultivated for over 24 h with shaking at 30°C. Cellular growth was monitored by determining optical density at 600 nm. All these assays were performed in triplicate at least three times.
Measurement of intracellular ROS level. To quantify in vivo levels of ROS, the 2=,7=-dichlorofluorescein diacetate (DCFH-DA)-based assay (43) was used, with the following modifications. Briefly, cells grown aerobically (OD 600 ϭ 1.6) were collected, washed, and resuspended in 50 mM PBS (pH 7.4) prior to preincubation with 2 M DCFH-DA at 28°C for 20 min. Various stressors at indicated concentrations were added to these mixtures and incubated for another 30 min in the dark. After that, cells were washed twice with 50 mM PBS, centrifuged, and resuspended in 50 mM PBS. The fluorescence intensity was measured with a Spectromax spectrofluorimeter (excitation, 502 nm; emission, 521 nm).
Determination of the cellular level of protein carbonylation. The protein carbonylation assays were performed based on the method described by Vinckx et al. (44) , with minor modifications. Briefly, C. glutamicum strains were grown overnight in LB medium and treated with different oxidants for 30 min with shaking at 30°C. After that, cultures were collected by centrifugation, washed with 25 mM Tris-HCl (pH 8.0), and resuspended in 25 mM Tris-HCl (pH 8.0) containing protease inhibitor cocktails (Sigma), and sonication was performed to obtain a clear cell lysate. The soluble protein fraction was collected by centrifugation, and concentration was measured by using the Bradford assay according to the manufacturer's protocol (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. Subsequently, protein carbonylation levels were detected, based upon the manufacturer's instructions, with an OxyBlot protein oxidation detection kit (Millipore, Massachusetts, USA), which measures carbonyl groups of proteins generated by oxidative reactions. Carbonyl groups in proteins were derivatized with 2,4-dinitrophenyl hydrazine (DNPH), 20 g of each DNPH-derivatized protein was loaded, and electrophoresis was conducted on a 15% SDS-PAGE gel. After electrophoresis, derivatized proteins were electroblotted onto nitrocellulose membranes, and immunodetection of DNPH-derivatized proteins was done with a rabbit anti-DNP antibody.
RESULTS

Biochemical characterization of NrdH.
Although the putative C. glutamicum NrdH redoxin (NCgl2445, the hypothetical mycoredoxin Mrx2) was suspected to act as an electron donor for NrdEF, the experimental evidence was lacking. To explore this activity, we employed an in vitro assay system (see Materials and Methods) started by adding GDP as the substrate for RNR and monitored the coupled NADPH oxidation by TrxR at 340 nm. As shown in Fig. 1A , purified recombinant NrdH functions as a reductant for the class Ib RNR with NADPH and TrxR as the hydrogen donor system, suggesting that NrdH was capable of reducing class Ib RNR and was recycled by TrxR, which is similar to the previous findings in E. coli and S. aureus (21, 23) . The reduction activity of NrdH was significantly more efficient than that of thioredoxin (NCgl2985) in transferring electrons from NADPH via the TrxR pathway, as the reduction rates measured by the ⌬⌬A (at 340 nm)/min were 0.062 for NrdH and only 0.024 for thioredoxin (Fig. 1A) . To assess whether C. glutamicum NrdH is exclusively involved in reduction of class Ib RNRs or possesses general thioldisulfide redox activity as thioredoxin, we further tested the ca- pacity of recombinant NrdH to reduce protein disulfides and small-molecule artificial disulfide compounds. To determine the protein disulfide reduction activity of NrdH, we employed the classic insulin reduction assay that was typically used for thioredoxin determination. As shown in Fig. 1B , in the presence of TrxR/NADPH, the addition of NrdH to the reaction mixture caused a notable decrease in absorption at 340 nm. As expected, the addition of C. glutamicum thioredoxin to the reaction mixture also caused a similar decrease in absorption at 340 nm (Fig. 1B) . These results demonstrate that the NrdH is almost as effective as thioredoxin in reducing insulin disulfides by using the TrxR/NA-DPH regeneration system. We further explored the capability of C. glutamicum NrdH to reduce exposed disulfide bonds by using DTNB as an artificial disulfide substrate. As shown in Fig. 1C , only the complete NrdH/TrxR pathway emerges as a catalytically relevant reducing agent of DTNB in the presence of TrxR and NA-DPH, and the activity is much less effective than that of the C. glutamicum thioredoxin control.
To determine whether the conserved cysteines in the CXXC motif of NrdH (20) are essential for its function, we created both single and double substitution mutations of Cys to Ser in the CXXC motif (NrdH::CXXS, NrdH::SXXC, and NrdH::SXXS). We performed the aforementioned insulin, DTNB, and RNR reduction assays by using the TrxR/NADPH regeneration system to examine whether these mutations would alter NrdH function. As shown in Fig. 2A to C, the activities of the mutant NrdH::CXXS, NrdH::SXXC, and NrdH::SXXS proteins were significantly less efficient than observed for the wild-type NrdH. These results indicate that both conserved cysteines in the CXXC domain are important for NrdH function.
We further asked whether NrdH was able to reduce NrdEF via the recently identified MSH/Mtr/NADPH pathway, a novel electron transfer pathway identified in MSH-producing high-GϩC-content Gram-positive Actinobacteria that is functionally equivalent to the widely distributed GSH/Grx/NADPH pathway (10, 19) . While the TrxR/NADPH pathway uses the flavoprotein TrxR to shuttle electrons from NADPH to disulfide bonds, the MSH/Mtr/ NADPH pathway utilizes MSH, Mtr, and NADPH to reduce disulfide bonds. However, no activity was detected when thioredoxin reductase TrxR was replaced by mycothiol and mycothione reductase in the ribonucleotide reductase assay mixture (Fig. 1D) . In the alternative experiments, we measured the capacity of NrdH to reduce insulin and DTNB by using the MSH/Mtr/NADPH regeneration system (Fig. 1E and F) . No activities were observed in both cases. However, though no activity was observed for DTNB reduction, Mrx1 did show activity for insulin reduction by using the MSH/Mtr/NADPH regeneration system as anticipated (Fig. 1E) .
As previously reported, Mrx1 could reduce MSH mixed disulfide bonds using electrons from the MSH/Mtr/NADPH pathway (19) . Thus, it was of interest to examine whether NrdH, the protein sharing high similarity to Mrx1, also exhibited MSH-disulfide oxidoreductase activity. To detect this, we employed the standard mycothiol-coupled hydroxyethyl disulfide (HED) assay with Mrx1 as a positive control. As shown in Fig. S1A in the supplemental material, while Mrx1 displayed effective reduction of the mixed disulfide formed between HED and MSH, as judged by the consumption of NADPH monitored spectrophotometrically at OD 340 , no MSH-disulfide oxidoreductase activity could be detected for NrdH by the MSH/Mtr/NADPH pathway. Meanwhile, no reduction of the mixed disulfides by NrdH was observed by the TrxR/NADPH pathway in the standard HED assay mixture (see Fig. S1B in the supplemental material). These results agree with previous research, indicating that not all dithiol oxidoreductases containing the CXXC active site are able to catalyze the reduction of mixed disulfide bonds (21) . Collectively, these data demonstrate that NrdH acts not only as an NrdEF reductant but also as a protein disulfide oxidoredoxin exclusively using the TrxR/NADPH but not the MSH/Mtr/NADPH electron transfer pathway.
Physiological roles of the C. glutamicum NrdH. (i) nrdH is an essential gene in C. glutamicum. To assess the physiological roles of C. glutamicum NrdH, we tried to construct the nrdH-null mutant in C. glutamicum. Unfortunately, consistent with a recent report that the nrdH gene seems to be an essential gene (20) , no viable colonies were obtained after multiple attempts to knock out this gene, even in media containing dithiothreitol (DTT) and cysteine. We therefore evaluated the physiological phenotype of nrdH by overexpressing this gene in the C. glutamicum RES167 wild-type strain.
(ii) Overexpression of nrdH promotes resistance to oxidative stress conditions. We speculated that, as a small intracellular oxidoreductase of the thioredoxin superfamily, NrdH might be another candidate in the redox system in C. glutamicum that plays a role in protection against oxidative stress. To investigate the oxidative stress protection role of NrdH, we first compared the viability of the C. glutamicum strains transformed with either pXMJ19-nrdH or vector alone in the presence of CHP (11 mM), H 2 O 2 (55 mM), CDNB (2,4-dinitrochlorobenzene; 70 mM), and iodoacetamide (IAM; 40 mM). As shown in Fig. 3A , overexpression of nrdH significantly increased the resistance of the wild-type C. glutamicum to these conditions compared with the vectoralone control. Interestingly, while overexpression of NrdH in- creased resistance to oxidative stress conditions, overexpression of the NrdH mutant (NrdH::SXXS) had no effect, indicating that the oxidoreductase activity of NrdH is critical for protection against oxidative stress.
(iii) Overexpression of nrdH promotes resistance to bactericidal antibiotics. It has been proposed that bactericidal antibiotics can induce cellular death through a common oxidative damage mechanism that relies on the production of ROS (45) . To examine the impact of overexpression of nrdH on resistance to bactericidal antibiotics, cell viability of WT(pXMJ19), WT(pXMJ19-nrdH), and WT(pXMJ19-nrdH::SXXS) was tested in LB medium containing ciprofloxacin (375 g/ml), tetracycline (115 g/ml), gentamicin (50 g/ml), vancomycin (150 g/ml), and neomycin (450 g/ml). As shown in Fig. 3B , the WT(pXMJ19-nrdH) strains exhibited higher cell viability (29.9%, 25.8%, 56.8%, 33.9%, and 27.6%, respectively) than the WT(pXMJ19) control strain (16.0%, 13.7%, 35.9%, 16.3%, and 18.3%, respectively). In addition, the difference of the survival rates between the WT(pXMJ19) strain and WT(pXMJ19-nrdH) strain showed a dose-dependent increase in response to antibiotic treatment (data not shown). As expected, overexpression of the NrdH::SXXS mutant in C. glutamicum had no effect in increasing the survival rate of the wildtype strain (Fig. 3B) . However, no significant difference was found in the survival rate for bacteriostatic antibiotics, such as erythromycin, lincomycin, and spectinomycin, between the WT(pXMJ19) and WT(pXMJ19-nrdH) strains (data not shown).
(iv) Overexpression of nrdH promotes resistance to heavy metal stress. In general, heavy metals can lead to ROS production and oxidative stress when taken up in excessive amounts, which subsequently results in protein peroxidation and other biomolecule damage (46) . Redox-active metals such as iron and copper lead to hydroxyl radical generation and promote oxidative stress by their redox cycling activity (42, 47) . Non-redox-active metals, such as cadmium, can indirectly induce oxidative stress by exhausting free radical scavengers such as GSH and protein-bound sulfhydryl groups (48) (49) (50) . To determine whether NrdH also plays an important role in protecting C. glutamicum from heavy metal toxicity, WT(pXMJ19), WT(pXMJ19-nrdH), and WT(pXMJ19-nrdH::SXXS) were tested for growth in LB medium containing increased concentrations of heavy metals. Figure 3C showed that under conditions challenged with heavy metals CdCl 2 (15 M), CuSO 4 (2,400 M), FeSO 4 (225 M), and MnCl 2 (800 M), the WT(pXMJ19-nrdH) grew significantly better than WT(pXMJ19) and WT(pXMJ19-nrdH::SXXS). However, no effect was observed for ZnSO 4 and CoCl 2 in our experimental conditions (data not shown). These data suggest that overexpression of active NrdH in wild-type C. glutamicum enhances its resistance to heavy metal stress.
All together, these findings displayed that NrdH plays important roles for protection of C. glutamicum against ROS-inducing oxidants, alkylating agents, antibiotics, and heavy metal stress, which prompted us to further investigate whether stress tolerance in C. glutamicum conferred by NrdH overexpression was associated with the removal of ROS.
NrdH is able to reduce ROS levels under stress conditions. A great number of researches have presented that the exposure of microorganisms to various stresses, such as heavy metals, antibiotics, xenobiotics, and acid stress, can increase the production of ROS and then induce oxidative stress (45) (46) (47) . Microorganisms employ a battery of enzymatic and nonenzymatic antioxidants to cope with continuous ROS production. As a previous study has shown that excessive generation of ROS triggers nrdHIEF expression in E. coli (51), we were prompted to examine whether elevated nrdH plays a role in removing free radicals under oxidative stress in C. glutamicum. The intracellular levels of ROS were assessed fluorometrically with the fluorogenic probe 2=,7=-dichlorodihydrofluorescein diacetate (DCHFDA; Sigma-Aldrich). As shown in Fig. 4A , the WT(pXMJ19-nrdH) strain has significantly lower levels of ROS content than the WT(pXMJ19) strain, after exposure to H 2 O 2 (55 mM), ciprofloxacin (375 g/ml), CDNB (70 mM), and CdCl 2 (300 M) for 0.5 h. For example, on exposure to 55 mM H 2 O 2 , 1.6-fold-higher levels of ROS were observed in the WT(pXMJ19) cells than in the WT(pXMJ19-nrdH) cells.
For all these stress conditions tested, WT(pXMJ19) showed more increase in ROS accumulation compared to that in WT(pXMJ19-nrdH), indicating that overexpression of nrdH in C. glutamicum wild type reduced ROS levels induced by oxidative stresses. However, no reduction of ROS levels was observed in the nrdH mutant-overexpressed WT(pXMJ19-nrdH::SXXS) cells compared to in the vector-alone control (Fig. 4A) . These findings suggest that NrdH is involved in ROS reduction induced by multiple oxidative stresses in C. glutamicum.
ROS escaping from the antioxidant defense system are more apt to react with cysteine thiol groups of proteins which result in irreversible sulfoxidation products, inter-or intraprotein disulfides (PrSSPr, PrSSPr), and mixed disulfides with lowmolecular-weight thiol and eventually lead to protein carbonylation (52, 53) . Given that NrdH is able to reduce ROS in C. glutamicum, we hypothesized that NrdH may also function in protecting against protein carbonylation under oxidative stress conditions. To test this hypothesis, we isolated total proteins from strain WT(pXMJ19-nrdH) overexpressing nrdH and the vectoralone control strain WT(pXMJ19) grown under oxidative stresses.
Carbonyl groups in the proteins were derivatized with 2,4-dinitrophenyl hydrazine (DNPH) and detected by Western blotting with the anti-DNP antibody. Interestingly, different stresses resulted in great difference in protein carbonylation formation in C. glutamicum. As shown in Fig. 4B , while CDNB and Cd(II) stress resulted in marked protein carbonylation in C. glutamicum, H 2 O 2 stress resulted in moderate protein carbonylation, and ciprofloxacin stress had only marginal effects. It is noteworthy that the protein carbonylation levels for extracts from WT(pXMJ19-nrdH) were significantly lower than those from the WT(pXMJ19) control under CDNB and Cd(II) stresses. However, there is no significant difference in carbonyl content between the WT(pXMJ19) and WT(pXMJ19-nrdH) extracts under H 2 O 2 and ciprofloxacin stress, correlating to the lower protein carbonylation levels induced by these stresses.
Induced expression of nrdH by multiple stressors. Since NrdH has been shown to promote survival of C. glutamicum in multiple stresses, these results prompted us to examine whether nrdH expression responded to these stress conditions. We thus introduced a single-copy P nrdH ::lacZ fusion (the lacZ gene fused to the nrdH promoter) into the chromosome of the wild-type C. glutamicum. The LacZ activity of the resulting strain was quantitatively measured under a variety of stress conditions, including H 2 O 2 , CHP, IAM, CDNB, ciprofloxacin, neomycin, MnCl 2 , and CdCl 2 at different concentrations (Fig. 5A to H) . The expression levels of nrdH increased by at least 2.4-, 2.1-, 1.32-, 1.92-, 1.67-, 1.65-, 2.1-, and 1.62-fold in the H 2 O 2 (35 mM)-, CHP (4.5 mM)-, IAM (25 mM)-, CDNB (40 mM)-, ciprofloxacin (250 g/ml)-, neomycin (120 g/ml)-, MnCl 2 (400 M)-, and CdCl 2 (100 M)-treated samples compared to those of untreated samples, respectively. Further, expression of the P nrdH ::lacZ fusion exhibited a dose-dependent increase in response to these environmental stressors (Fig. 5 ). The induction effect by H 2 O 2 is the strongest among all stressors tested. These data clearly demonstrate that multiple environmental stresses induce the expression of nrdH, which in turn directly contributes to tolerance to these adverse stresses. The increase in the expression levels of nrdH again correlated with a decrease in the levels of ROS formation, and an increase in cell viability collectively indicated a critical role of NrdH in protection of C. glutamicum against oxidative stress. NrdH aids peroxidase to eliminate H 2 O 2 and other alkyl hydroperoxides. Previous studies have shown that yeast Grx1 and rice Grx have glutathione peroxidase activities toward H 2 O 2 and other alkyl hydroperoxides, which directly remove H 2 O 2 and other alkyl hydroperoxides (54, 55) . As NrdH plays critical roles in reducing ROS levels and promoting the resistance of C. glutamicum to oxidative stresses, we examined the peroxidase activity of NrdH. As shown in Fig. 6A and Fig. S2 in the supplemental material, H 2 O 2 or CHP was added to the TrxR and NADPH system with and without purified recombinant NrdH, and the activity of NrdH to reduce H 2 O 2 and CHP was investigated by following the oxidation of NADPH. No peroxidase activity of NrdH was observed, as addition of NrdH to the reaction mixture did not increase the rate of NADPH consumption, thus indicating that the NrdH protein was not directly involved in reducing CHP or H 2 O 2 via the TrxR and NADPH system without peroxidase ( Fig. 6A ; see also Fig. S2) .
However, other studies have also shown that Grx and Trx were able to aid peroxidases of the Prx family indirectly in the reduction of H 2 O 2 and lipid peroxides (11, 56) . To determine whether NrdH, the homolog of Grx and Trx, is able to aid peroxidase in the reduction of H 2 O 2 and lipid peroxides, we detected the consumption of NADPH in the NrdH/TrxR/NADPH reaction system containing purified recombinant peroxidase (NCgl1041). In agreement with previous reports (56, 57) , the addition of purified peroxidase to the Trx/TrxR/NADPH system with CHP or H 2 O 2 as the terminal electron acceptor resulted in significant NADPH consumption ( Fig. 6A ; see also Fig. S2 in the supplemental material). Interestingly, when purified peroxidase was added to the NrdH/TrxR/NADPH reaction system, the consumption of NADPH was also observed, though it was slightly lower than in the Trx/ TrxR/NADPH system. The reaction is dependent on the presence of NrdH, TrxR, and peroxidase, because there was no activity when each was omitted from the assay system. These results suggest that similar to Grx and Trx (11, (56) (57) (58) , NrdH also acts as a peroxidase cofactor to facilitate the reduction of H 2 O 2 and other alkyl hydroperoxides. The role of NrdH in facilitating peroxidase activity was further corroborated by monitoring the consumption of H 2 O 2 and CHP in a different assay system (FOX assay; see Fig.  S3 in the supplemental material).
After the above-described characterization, we found that the catalytic cycle begins with recognition of H 2 O 2 -CHP and ends with the regeneration of Prx by NrdH. Thus, enzymatic kinetic assays were performed to analyze this bisubstrate reaction and the concentration optimization (see Fig. S4 
, the optimal concentrations of H 2 O 2 and CHP were 400 M and 350 M, respectively, and the optimal concentration of NrdH was 10 M and 20 M for H 2 O 2 and CHP in the Prx/NrdH/TrxR couple assay.
The ability of the NrdH::CXXS, NrdH::SXXC, and NrdH:: SXXS mutants to reduce H 2 O 2 and CHP was also investigated by following the oxidation of NADPH in the presence of the peroxidase/TrxR/NADPH system. As shown in Fig. 6B and Fig. S5 in the supplemental material, no activity exceeding the background level was observed with the mutant proteins in the reduction of H 2 O 2 and CHP, indicating that both cysteines in the CXXC motif of NrdH were essential for aiding peroxidase in reduction of H 2 O 2 and CHP.
To further investigate whether NrdH facilitates Prx activity by direct interaction like Trx and Grx (53, (56) (57) (58) (59) , we performed bacterial two-hybrid and GST pulldown assays. As shown in Fig.  6C , although the wild-type NrdH showed relatively weak interaction with Prx in the bacterial two-hybrid assay, the NrdH::CXXS mutant showed very strong interaction with Prx, similar to the positive control, but the NrdH::SXXS mutant showed no interaction with Prx. These results are consistent with the early reports that the intermediate complex formed between a target and Trx or Grx can be stabilized by removing an internal cysteine at the CXXC active sites (56, 59) . We speculated the reason for this is that NrdH and its target protein may form a mixed-disulfide intermediate at the first reactive cysteine of the N-terminal cysteinyl residue. This intermolecular disulfide bond is assaulted by the second cysteine of NrdH, so the reduced form NrdH is oxidized and target protein is released. The substitution of the second cysteine to serine can interrupt this reduction process at the stage of the formation of the mixed-disulfide intermediate, thus obtaining steady mixed disulfides between the respective NrdH and Prx when interactions did occur.
To substantiate the NrdH-Prx interaction seen in the bacterial two-hybrid assay, we produced recombinant His 6 -NrdH::CXXS/ His 6 -NrdH::SXXS and tested their interactions with GST-Prx by using the GST pulldown assay in vitro. As shown in Fig. 6D , we again observed the specific interaction between GST-Prx and His 6 -NrdH::CXXS but not His 6 -NrdH::SXXS. Consistent with the role of NrdH acting as a cofactor for peroxidase, the increased resistance to H 2 O 2 and CHP mediated by overexpression of nrdH was largely abrogated in the prx mutant (Fig. 6E) . Taken together, these data clearly demonstrate that NrdH is able to facilitate the Prx peroxidase in reducing H 2 O 2 and other alkyl hydroperoxides, by acting as a cofactor to Prx.
DISCUSSION
In this study, we described the biochemical and physiological characterization of the NrdH redoxin from C. glutamicum, a high-GϩC-content Gram-positive bacterium that produces mycothiol as its dominant low-molecular-weight thiol instead of glutathione. We demonstrated the protective role of the C. glutamicum NrdH redoxin against various oxidative stresses induced by H 2 O 2 , CHP, CDNB, antibiotics, and heavy metal ions. We also demonstrated that the protective effect of NrdH is attributed to its ability in detoxification of ROS by serving as the electron donor for a novel protein substrate, the thioredoxin peroxidase Prx. In addition, we showed that NrdH reduces disulfide bonds in the smallmolecule artificial disulfide compound DTNB and protein substrates such as class Ib ribonucleotide reductase, Prx, and possibly other protein substrates, by receiving electrons exclusively from the TrxR/NADPH but not the MSH/Mtr/NADPH pathway. These results are consistent with the finding that NrdH possesses a TrxR binding hydrophobic pocket (22, 24) but lacks the MSH binding pocket as found in Mrx1 (20) .
Although NrdH redoxins have long been demonstrated biochemically in multiple bacteria (20) (21) (22) (23) (24) 27) , their physiological functions remain enigmatic. In C. glutamicum, the nrdH gene seems to be essential, as many attempts to construct an nrdH de- :CXXS or His 6 -NrdH::SXXS was incubated with GST-Prx or GST in PBS, and potential protein complexes captured with glutathione beads were detected with anti-His antibody. (E) NrdH-mediated protection against oxidative stress is dependent on Prx. C. glutamicum wild-type cells and prx mutant were transformed with pXMJ19 and pXMJ19-nrdH, respectively, and tested for sensitivity to H 2 O 2 (55 mM), CHP (11 mM), CDNB (70 mM), and CdCl 2 (300 M) challenge. letion mutant were unsuccessful. In contrast, although an nrdH deletion mutant was obtained in S. aureus, it did not appear to have a role in coping with oxidative stress (23) . We thus overexpressed nrdH in C. glutamicum to examine whether it functions and protects cells against oxidative stresses induced by various exogenous stimuli, by comparing with that of C. glutamicum harboring vector alone. Two distinct types of oxidative stress in bacteria have recently been proposed (60): the primary oxidative stress, occurring when cells are exposed to oxidative agents such as hydrogen peroxide, sodium hypochlorite, and nitric oxide (NO), and the secondary oxidative stress, occurring when cells are exposed to environmental stresses and toxic agents such as bactericidal antibiotics, heavy metal ions, heat, and acid, causing the formation of superoxide (O 2
•Ϫ ) and hydrogen peroxide (H 2 O 2 ) and subsequently leading to a response similar to the response to primary oxidative stress. The primary oxidative stress leads to oxidized sulfhydryl groups, lipid peroxidation, the generation of ROS, and a disturbed NAD ϩ /NADH balance, whereas the secondary oxidative stress leads to ROS production particularly (60) . ROS can cause a wide range of biological molecule damages, i.e., protein and lipid oxidation, disulfide bond formation, iron-sulfur cluster disassembly, and DNA fragmentation, and eventually lead to cell death (52) (53) (54) . Interestingly, we found the overexpressed nrdH protects the cells not only against oxidants that induce primary oxidative stress but also against a broad range of poisonous chemicals that induce secondary oxidative stress, such as CDNB, antibiotics, and heavy metal ions. These results suggest that overexpression of nrdH in C. glutamicum seems to affect the redox status of the host cells by detoxification of ROS produced under different oxidative stresses.
To test this hypothesis, we analyzed the cellular ROS levels and protein oxidation caused by ROS. The increase of the intracellular ROS level and protein oxidation by oxidants, alkylating agents, antibiotics, and heavy metal ion stress was blocked in the nrdHexpressing cells compared to in the control cells harboring vector alone to a certain extent. Although yeast Grx and rice Grx have been reported to detoxify ROS by serving as peroxidase directly (54, 55) , this is not the case for NrdH, as no peroxidase activity was observed for NrdH in an in vitro assay ( Fig. 6A ; see Fig. S2 in the supplemental material). Besides acting as disulfide bond oxidoreductases generally, in vitro studies have shown that both the glutaredoxin and thioredoxin systems can serve as electron donors for other antioxidant enzymes, such as Prx (11, (56) (57) (58) . Therefore, it is very likely that NrdH, characterized by a glutaredoxin-like amino acid sequence and a thioredoxin-like activity, detoxifies ROS also by recruiting and serving as the electron donor for peroxidases. This assumption was supported by at least three lines of independent evidences. First, as shown in Fig. 6A and Fig.  S2 in the supplemental material, although NrdH did not directly eliminate hydrogen peroxide and CHP, it is able to aid the Prx in the reduction of H 2 O 2 and other alkyl hydroperoxides by serving as an electron donor in in vitro assay systems containing NADPH and thioredoxin reductase, albeit at a lower efficiency than thioredoxin. Second, the NrdH variant NrdH::CXXS was shown to interact with Prx directly (Fig. 6C and D) . Finally, disruption of the Prx gene almost abolished the antioxidant effect caused by the overexpression of nrdH in C. glutamicum, suggesting that the antioxidant activity of NrdH is mediated mainly by Prx (Fig. 6E) . Thus, our results unambiguously revealed that NrdH detoxifies ROS by recruiting and serving as the electron donor to a novel target protein, Prx. Although it cannot be ruled out that NrdH could also act as a cofactor for other antioxidant enzymes, Prx accounts largely for most ROS detoxification activity in nrdHoverexpressing C. glutamicum (Fig. 6E) .
The physiological roles of NrdH in resistance to multiple oxidative stresses were also corroborated by the induced expression of nrdH in C. glutamicum under various oxidative stresses (Fig. 5) . Induced expression of nrdH by oxidative stresses was also observed in E. coli (51) . These results strongly suggest that nrdH expression is important for bacteria growth under oxidative stress conditions. Of particular note is the vast upregulation of the nrd-HIEF operon observed in E. coli mutants deficient in peroxide/ superoxide scavenging enzymes, such as catalase hydroperoxidase I and alkyl hydroperoxide reductase (51) , indicating that the increased expression of nrdHIEF genes may compensate for the lost ROS scavenging activities in these mutants. The induction of the nrdHIEF operon during H 2 O 2 stress in E. coli was mediated by the inactivation of Fur, an iron-dependent repressor (58) . It is interesting to reveal whether the E. coli NrdH also acts as an electron donor for a specific peroxidase to dispose ROS, as in C. glutamicum.
While we were preparing the manuscript, Van Laer et al. (20) coincidentally solved the X-ray structure of oxidized NrdH redoxin from C. glutamicum at a 1.5-Å resolution and biochemically characterized this protein. In contrast to our study, which focused on the physiological function of NrdH, they carried out a detailed structural analysis of the protein. But both their study and ours demonstrated that NrdH catalytically reduces disulfide bonds in DTNB and exclusively receives electrons from thioredoxin reductase (TrxR) but not from mycothiol (20) . Although NrdH is more similar to Mrx1 in sequence, it cannot reduce the mixed disulfides by either the MSH/Mtr/NADPH pathway or the TrxR/NADPH pathway. In addition, we found that the C. glutamicum NrdH not only reduces disulfide bonds in its native substrate class Ib ribonucleotide reductase (NrdEF) but also in Prx and insulin, with activities comparable to that of Trx through the TrxR/NADPH pathway. Despite their apparent function overlapping, both NrdH and thioredoxin are essential in C. glutamicum, indicating that they must have additional unique functions (10).
In conclusion, our results demonstrate that NrdH plays important roles in resistance to multiple oxidative stresses induced by oxidants, alkylating agents, antibiotics, and heavy metals in C. glutamicum. In addition, we present evidences that NrdH can protect against the damaging effects of ROS by acting as a Prx cofactor. It should be noted that, besides Prx, alternative NrdH target proteins may also account for its function in oxidative stress resistance. Further studies to identify novel targets will allow for a more complete understanding of NrdH function.
